Abstract: In this study, we aimed to identify metabolite signatures that characterize metritis prior to, during, and after the disease incidence. Blood samples were collected from 100 Holstein cows at five time points before and after parturition. Six cows that developed metritis and 20 controls were selected for metabolomics analysis in a nested case-control study. Twenty nine serum metabolites were quantified using gas chromatography-mass spectroscopy. Results showed that similar panels of metabolites differentiated pre-metritic and control cows at 8 and 4 wk prepartum. The top most important metabolites that differentiated the two groups of cows at 8 wk prepartum were oxalate, ornithine, pyroglutamic acid, D-mannose, and glutamic acid, and at 4 wk prepartum were ornithine, pyroglutamic acid, D-mannose, glutamic acid, and phosphoric acid, suggesting their potential use as risk biomarkers for metritis. Area under the curve with values of 1.0 and 0.969 at 8 and 4 wk, respectively, indicated that those panels of metabolites have a very high sensitivity and specificity to be used as risk biomarkers for metritis. Overall, results showed that specific serum metabolite signatures can be used to screen cows for susceptibility to metritis during the dry off period, and to better understand the etiopathobiology of the disease.
Introduction
Metritis is inflammation of the wall of uterus caused by bacterial infections encountered within 21 d after parturition. The disease is characterized by an enlarged uterus and a watery red-brown fluid to viscous off-white purulent vaginal discharge, which often has a fetid odor (Sheldon et al. 2006 (Sheldon et al. , 2009 . The incidence rate of clinical metritis ranges between 15% and 20% (LeBlanc 2008) ; it is highly prevalent in high-producing dairy cows and has been associated with lower pregnancy rate per artificial insemination, extended days open, increased culling rates, and economic losses (Gilbert et al. 2005 ). Utilization of antibiotics has shown clinical improvements in cows affected by metritis with no effect on reproductive performance (Haimerl and Heuwieser 2014) . Given the increasing rate of bacterial resistance to antibiotics (Neu 1994) and concerns over the public health (Bengmark 1998) , the search for preventive treatments and alternatives to antibiotic use has been increasing recently.
The potential use of blood haptoglobin (Hp) for diagnosis of metritis has been reported (Ceciliani et al. 2012) . Moreover, increased concentrations of serum Hp (1.06-1.90 g L −1
) have been shown to indicate acute infection of uterus in dairy cows (Huzzey et al. 2009 ). Recently, a study from our laboratory showed that cows with metritis experienced blood alterations of carbohydrate metabolism, acute phase proteins, and proinflammatory cytokines during 8 and 4 wk prior to parturition and the appearance of clinical signs of metritis (Dervishi et al. 2016a) .
Previously, we used a targeted metabolomics approach to identify several nonspecific risk biomarkers for several periparturient diseases of dairy cows (Hailemariam et al. 2014a (Hailemariam et al. , 2014b . In previous studies, metabolomics analysis also has been used by other investigators to identify alterations in metabolic pathways associated with heat stress (Tian et al. 2015 ) and milk quality (Sun et al. 2015) in lactating dairy cows. In another metabolomics study, Huber et al. (2016) demonstrated that production and secretion of carnitine and acylcarnitine from hepatocytes is a crucial event in supporting a healthy metabotype during the periparturient period. In addition, Tian et al. (2016) reported the potential utilization of some milk metabolites to diagnose the presence of heat stress and metabolic perturbations triggered by heat stress. We hypothesized that premetritic, metritic, and post-metritic cows might show alterations in various serum metabolites that can be used as risk biomarkers for metritis. Identification of metabolic perturbations also might help to better characterize metritis, its consequences on metabolic pathways postpartum, and the pathobiology of disease. Therefore, the objective of this study was to identify potential risk biomarkers of metritis in the blood of transition dairy cows by a quantitative gas chromatography-mass spectrometry (GC-MS) approach in an attempt to advance our previous findings on monitoring biomarkers that can be used for early diagnosis of cows that are at risk of developing metritis.
Materials and Methods
This study was part of a large project designed to identify predictive biomarkers of multiple periparturient diseases of dairy cows (Zhang et al. 2017) . All experimental procedures were approved by the University of Alberta Animal Policy and Welfare Committee for Livestock, and animals were cared for in accordance with the guidelines of the Canadian Council on Animal Care (1993). The metabolomics analyses were performed at the Metabolomics Innovation Centre, University of Alberta, Edmonton, AB, Canada.
Animals and diets
About 100 pregnant Holstein dairy cows at the University of Alberta Dairy Research and Technology Center were used in this study. The 100 cows used in this study were enrolled from May 2011 to December 2012. Cows affected by other periparturient diseases or more than one disease were excluded from analyses. A metritic case was diagnosed if the cow had reddish-brown vaginal discharge with fetid odor, fever (rectal temperature >39.5°C), and decreased feed intake and milk production within 3 wk after parturition. Six pregnant Holstein dairy cows with metritis and 20 healthy control cows (CON) that were similar in parity (metritis: 2.7 ± 0.7 vs. CON: 3.3 ± 0.6; mean ± SEM) and body condition score (mean: metritis 2.92 vs. CON 2.92 at the diagnosis week), were selected for this nested case-control study. There were no treatments administered to the cows affected by metritis.
The total experimental period for each cow in the experiment was 16 wk and started from 8 wk before parturition until 8 wk postpartum. Sampling times at 8 and 4 wk prepartum were determined from the predicted calving dates of breeding records. Pregnancy checks were performed routinely at around 60-70 d after insemination by a veterinary practitioner. The expected date of parturition was determined by adding 280 d from the day of artificial insemination, and it was also supported by the information of pregnancy diagnosis.
All cows were fed the same close-up diet prepartum and were gradually switched to a fresh lactation diet with a greater proportion of barley grain during the first 7 d after parturition to meet the energy demands for high milk production (Tables 1 and 2 ). Daily ration was offered as total mixed ration (TMR) for ad libitum intake once daily at 0800 to allow approximately 5% refusals throughout the experiment. All TMR were formulated to meet or exceed the nutrient requirements of a 680 kg lactating cows as per NRC guidelines (NRC 2001) .
Health status of cows during the entire experimental period was monitored daily based on their daily feeding (i.e., dry matter intake) and milking behavior (i.e., milk yield), as well as clinical symptoms of the disease. All clinical signs of disease and veterinary treatments were recorded for each cow. Clinical symptoms observed included general appearance, appetite, alertness, rectal temperature, ease of calving, retained placenta, vaginal discharges (color and consistency), mastitis, udder edema, gait and pain in the legs, milk fever, retained placenta, and displaced abomasum.
Collection of blood samples
Blood samples were obtained from the coccygeal veins at 0700 before feeding at five time points: during 8 (53-59 d) and 4 (25-31 d) wk prior to the expected day of parturition, disease week (1-3 wk postpartum), and during 4 (25-31) and 8 (53-59) wk after calving for serum metabolomic analysis. Blood samples were collected from all 100 cows on a weekly basis with the same sampling times for both control and metritis groups. All blood samples were collected into 10 mL vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and allowed to coagulate at room temperature. Immediately after coagulation, the tubes were centrifuged at 2090g at 4°C for 20 min to separate the serum (Rotanta 460 R centrifuge, Hettich Zentrifugan, Tuttlingen, Germany). Subsequently, the separated serum was aspirated from the supernatant gradually by transfer pipets (Fisher Scientific, Toronto, ON, Canada) into a sterile 10 mL plastic test tube (Fisher Scientific, Toronto, ON, Canada). Serum samples were stored in a −80°C freezer until analyses to avoid loss of bioactivity and contamination, and were thawed on ice for approximately 2 h before use.
GC-MS compound identification and quantification
We conducted a targeted GC-MS metabolic profiling and we used an in-house protocol for extracting polar metabolites (Psychogios et al. 2011) . The selection of 29 metabolites was based on the availability of standards and sensitivity of the platform. Therefore, selection of metabolites is not based on their biological significance but on the capacity of the laboratory to accurately run the selected metabolites to the GC-MS compound identification and quantification. Prior to analysis by GC-MS, the serum samples were extracted to separate polar metabolites. The extraction and derivatization protocol was adapted from a previously reported method (Jiye et al. 2005 ) to deproteinize and achieve broad metabolite coverage of polar metabolites. In brief, an aliquot of 100 μL of serum sample containing 10 μL of ribitol in water (0.4 mg mL −1 ) as an internal standard, was extracted with 800 μL of cold high-performance liquid chromatography (HPLC) grade methanol:HPLC water (8:1 v/v) and vortexed for 1 min. The samples were kept at 4°C for 20 min and then centrifuged at 10 000 rev min −1 at 2090g for 10 min. After centrifugation, 200 μL of the supernatant was transferred into a glass vial insert (250 μL, Agilent, Santa Clara, CA, USA) in a 1.5 mL glass vial with screw cap (Agilent, Santa Clara, CA, USA) and evaporated to dryness using a Speedvac concentrator (Savant Instruments Inc., SDC-100-H, Farmingdale, NY, USA) for 4 h, and then using the lyophilizer (LABCONCO, Kansas City, MO, USA) for another 2 h until completely dry. After drying, a common protocol for carbonyl methoximation and hydroxyl, primary amine, and thiol silylation was used for these polar metabolites. Extracted residues were reconstituted with 40 μL methoxyamine hydrochloride (20 mg mL −1 ; Sigma-Aldrich, Oakville, ON, Canada) in ACS grade pyridine and incubated at room temperature for 16 h. Then, 50 μL of N-methyl-N-trifluoroacetamide with 1% trimethylchlorosilane derivatization agent (Thermo Fisher Scientific, Pierce Biotechnology, Rockford, IL, USA) was added and incubated at 80°C for 1.5-2 h on a hotplate. The samples were vortexed three times during incubation to ensure complete dissolution. Derivatized samples were stored for <48 h at 4°C until analysis. Derivatized extracts were injected by Agilent 7683 Series autosampler (Agilent Technologies, Palo Alto, CA, USA) followed by the analysis employing Agilent 6890N GC system coupled with electron impact (EI) ionization mode 5973N mass selective detector (Agilent Technologies, Palo Alto, CA, USA). A 2 μL aliquot was injected with a 5:1 split ratio onto a 30 m × 0.25 mm × 0.25 μm DB-5 column (Agilent Technologies). The injector port temperature was held at 250°C and the helium carrier gas flow rate was set to 1 mL min −1 at an initial oven temperature of 50°C.
The oven temperature was increased at 10°C min −1 to 310°C for a final run time of 26 min. Full scan spectra (50-500 m/z; 1.7 scans s −1 ) were acquired after a 6 min solvent delay, with an MS ion source temperature of 200°C.
The quality control (QC) were prepared by mixing amino acids [AAs, i.e., alanine, valine (Val) , isoleucine (Ile), glycine, serine (Ser), and lysine (Lys)], then treated and analyzed in the same way as serum samples to investigate the reproducibility and repeatability of the methods. A QC was run every 10 samples to monitor the stability and reproducibility of the method. In addition, hexane and a blank sample were run as well for the elution of residual impurities and analytes from the glass liner and the capillary column at the beginning of the sequence. All the derivatized samples were run within 24 h after preparation. After running all the samples, a mixture of alkane standard solution C 8 -C 20 and C 21 -C 40 (1:1 v/v, Sigma-Aldrich, Oakville, ON, Canada) was injected to get the retention times of n-alkanes for the calculation of the Kovat's retention index of metabolites instantly.
Raw MS data ("D" file format) were first transformed into CDF format by the software Data Analysis prior to data pretreatment. Identification and quantification of polar metabolites was performed following the method as previously described (Wishart et al. 2008) . In brief, the automated mass spectral deconvolution and identification system (AMDIS) spectral deconvolution software version 2.70 from National Institute of Standards and Technology (NIST) was used to process the total ion chromatogram and the EI-MS spectra of each GC peak. After deconvolution, the purified mass spectrum of each of the trimethylsilylated metabolites was identified using the NIST MS Search program version 2.0d linked to the 2008 NIST mass spectral library (Stein 2008) . Retention indices (RIs) were calculated using a C 8 -C 20 and C 21 -C 40 alkane mixture solution (Fluka, Sigma-Aldrich), which served as an external alkane standard. Metabolites were identified by matching the EI-MS spectra with those of reference compounds from the NIST library. In AMDIS, each search produces a list of library spectra ("hits"), which is ranked by the similarity to the target spectrum according to a mathematically computed "match factor". The match factor indicates the likelihood that our spectrum and the reference NIST spectrum arose from the same compound. In the current case, we considered hits with a match factor of >60% and a probability >20%. In addition, authenticity checks were performed by using additional published retention index libraries (Psychogios et al. 2011) . RIs and EI spectra were subsequently used for producing external five-point calibration curves (for absolute quantification).
Statistical analysis
Univariate analysis of data was performed using Wilcoxon−Mann−Whitney (rank sum) test provided by R statistical software. All metabolomics data were performed by the MetaboAnalyst software (Xia et al. 2009 ). Recommended statistical procedures for metabolomics analysis were followed according to previously published protocols (Xia et al. 2009 ). Metabolites that were frequently (>20%) below the limit of detection or with at least 20% missing values were removed from consideration. Otherwise, missing values were replaced by a value of one-half of the minimum positive value in the original data. Data normalization of metabolite concentration was done prior to statistical analysis and pathway analysis to create a Gaussian distribution (Xia et al. 2009 ). In this study, we used log-transformation and auto-scaling of metabolite values.
A nested case-control study was performed by comparing the pre-metritic, metritic, and post-metritic cases with the CON at each time point (8, 4, disease diagnosis, 4, and 8 wk around calving) separately. Multivariate analyses: principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), variable importance in the projection (VIP), receiver-operator characteristic (ROC), and pathway analysis were performed using MetaboAnalyst version 3.0.
In the PLS-DA model, a VIP plot was used to rank the metabolites based on their importance in discriminating cows with metritis from CON group. Metabolites with the highest VIP values are the most powerful group discriminators. Typically, VIP values >1 are significant and VIP values >2 are highly significant. A 2000 permutation test was implemented to validate the reliability of the model because it uses random resampling of metritis and CON cows to determine the probability that the metritis and CON groupings were a result of chance .
Biomarker profiles and the quality of the biomarker sets were determined using ROC curves as calculated by the ROCCET web server (Xia et al. 2013 ). A ROC curve shows how the sensitivity and specificity of a test or biomarker profile change as the classification decision boundary is varied across the range of available biomarker scores. Because ROC curves depict the performance of a biomarker test over the complete range of possible decision boundaries, it allows the optimal specificity and associated sensitivity to be determined post hoc. Receiver-operator characteristic curves are often summarized into a single metric known as the area under the curve (AUC). The AUC can be interpreted as the probability that a diagnostic test or a classifier will rank a randomly chosen positive instance higher than a randomly chosen negative one. If all positive samples are ranked before negative ones (i.e., a perfect classifier), the AUC is 1.0. An AUC of 0.5 is equivalent to randomly classifying subjects as either positive or negative (i.e., the classifier is of no practical utility). A rough guide for assessing the utility of a biomarker based on its AUC is 0.9-1.0 = excellent; 0.8-0.9 = good; 0.7-0.8 = fair; 0.6-0.7 = poor; 0.5-0.6 = fail (Xia et al. 2013) .
Results

Dynamics of serum AAs prior to and during the incidence of metritis
A univariate analysis was performed on 29 metabolites quantified in the serum of dairy cows before the incidence of metritis. Comparisons between the CON and metritic cows at 8 and 4 wk before the incidence of the disease indicated that a set of AAs showed consistently altered concentrations in the serum of pre-metritic cows as compared with their healthy CON. The mean concentrations of significantly altered AAs in the serum of pre-metritic cows and their healthy CON at 8 wk are shown in Table 3 . Out of the 29 metabolites detected and quantified at 8 wk prepartum, concentrations of 11 metabolites significantly deviated in pre-metritic cows as compared with their healthy counterparts. Serum concentrations of Val, leucine (Leu), phosphoric acid, pyroglutamic acid, ornithine (Orn), glutamic acid (Glu), tyrosine, D-mannose, myo-inositol, and oleic acid were significantly (P < 0.05) increased in pre-metritic cows, whereas concentration of oxalate decreased (P < 0.05) in pre-metritic cows. Serum proline (Pro), threonine, creatinine, linoleic acid, and stearic acid showed tendencies of elevation (0.05 ≤ P ≤ 0.1) in premetritic cows versus healthy CON (Table 3) .
At 4 wk before parturition concentrations of Val, Leu, Ser, phosphoric acid, pyroglutamic acid, Orn, Glu, Dmannose, myo-inositol, and stearic acid increased in the serum of pre-metritic cows compared with CON ones (Table 4) . Similarly, concentrations of oxalate decreased in pre-metritic cows. With the exception of Ser, all the other 11 metabolites showed consistent perturbation at 8 and 4 wk prepartum. Note: The mean and standard deviation with the corresponding P value are indicated for both pre-metritic and control groups. CON, control.
At the time of disease incidence, metabolite fingerprinting showed that concentrations of Val, Leu, Ser, aspartic acid (Asp), pyroglutamic acid, Orn, Lys, myo-inositol, and lactose significantly increased in cows diagnosed with metritis versus healthy CON (Table 5) . Exceptionally, concentrations of galactose decreased in metritis cows. Results also showed that five metabolites (Val, Leu, pyroglutamic acid, Orn, and myo-inositol) were consistently greater in pre-metritic cows at 8 and 4 wk prepartum as well as during the disease incidence. The clear separation in the concentrations of the three metabolites between metritis and CON cows at 8 and 4 wk prepartum, and disease incidence clearly shows the potential of these metabolites to differentiate metritis and healthy CON cows. Moreover, concentrations of four metabolites (Asp, Lys, galactose, and lactose) were significantly altered only during the disease incidence.
Multivariate analyses showed a separation between cows that developed metritis and controls
The multivariate analysis (PCA, PLS-DA, VIP, and ROC curve analyses) at 8 wk prepartum showed separation between pre-metritic cows and those that remained healthy during the transition period. The PCA at 8 wk grouped cows into pre-metritic and CON, where the first principal component (PC1) and PC2 explained 34.6% and 14.6% of the total variation, respectively (Fig. 1A) . Moreover, the PLS-DA showed clear separation of the two groups (pre-metritic and CON ones) (Fig. 1B) . The ranking of the top 15 metabolites by VIP showed that oxalate, Orn, pyroglutamic acid, D-mannose, and Glu were the top five metabolites that contributed to the separation of the pre-metritic cows from healthy CON. The top five metabolites at 8 wk prepartum had VIP scores of >1.4 (Fig. 1C) . Moreover, the top five metabolites (oxalate, Orn, pyroglutamic acid, D-mannose, and Glu) in the VIP were tested for the quality of biomarker set using ROC curves and these five metabolites appeared to be excellent biomarkers with the AUC = 1 (Fig. 1D) .
Similarly, at 4 wk before parturition, pre-metritic cows were separated from their CON counterparts on the basis of serum metabolites profiles. The PCA showed that the two groups (pre-metritic and CON) had a limited degree of overlapping (Fig. 2A) ; however, a maximal separation of the groups was observed after the PLS-DA analysis (Fig. 2B) . Ornithine, pyroglutamic acid, D-mannose, Glu, and phosphoric acid were the top five metabolites that were responsible for the separation between the two groups (Fig. 2C) . The ROC curve analysis using the top five metabolites in the VIP showed AUC value of 0.969 (Fig. 2D) .
The multivariate analysis (PCA, PLS-DA, VIP, and ROC curve analyses) during disease diagnosis also showed grouping of cows (metritis vs. healthy) on the basis of serum metabolite profiles. The PCA indicated clustering of cows into metritic and healthy CON, where the PCA1 and PCA2 explained 27.4% and 15.7% of the total variation, respectively (Fig. 3A) . The PLS-DA analysis further reaffirmed the disease dependent clustering as shown in Fig. 3B . The top Note: The mean and standard deviation with the corresponding P values are indicated for both pre-metritic and control groups. Note: The mean and standard deviation with the corresponding P values are indicated for both metritis and control groups.
15 metabolites in the variable importance in the projection are shown in Fig. 3C . The top five metabolites (pyroglutamic acid, Val, Lys, Ser, and Orn) in the VIP were used for the ROC curve analysis and showed AUC value of 0.903 (Fig. 3D) .
Comparing the top five metabolites in the VIP of 8 and 4 wk prepartum time periods, four metabolites (pyroglutamic acid, D-mannose, Glu, and Orn) were commonly elevated in cows with metritis.
Serum metabolite profiles in the post-metritis period
Concentrations (mean ± SD) of metabolites in the serum of cows affected by metritis and healthy CON were profiled at 4 and 8 wk after parturition (Tables 6 and 7) . Results indicated that out of the 29 metabolites identified and quantified, concentrations of 11 metabolites continued to be altered in post-metritic cows. Concentrations of Pro, Ile, phosphoric acid, phenylalanine (Phe), and D-mannose were significantly greater in Fig. 1 . Multivariate analysis of serum metabolites in pre-metritic cows and control cows (CON) ones at 8 wk before parturition. Disease dependent clustering of cows was shown by (A) principal component (PC) analysis and (B) partial least square discriminant analysis. The relative importance of top 15 metabolites in distinguishing pre-metritic cows from CON is shown in C, whereas the receiver-operator characteristic analysis of the top five metabolites in the variable importance in the projection was shown in D. VIP, variable importance in the projection. Colour online.
the serum of post-metritic cows as compared with the healthy CON at 4 and 8 wk after parturition. However, concentrations of two metabolites (oxalate and urea) were significantly lower in the serum of post-metritic cows. In addition, concentrations of Val, creatinine, and oleic acid were significantly greater in metritis group at 4 wk but not at 8 wk after parturition.
Concentration (mmol L
−1 ) of oxalate (2.07 ± 0.99) in post-metritic cows was significantly lower than the CON (4.80 ± 2.26) at 4 wk after parturition (Table 6 ). The lower concentration of oxalate in the serum of postmetritic cows continued also at 8 wk after parturition (Table 7) . Lower concentrations of oxalate in the serum of sick cows were much more pronounced at 8 wk after parturition with 1.66 ± 0.70 and 6.64 ± 5.06 mmol L −1 in post-metritic and CON, respectively. Despite the larger numerical difference in the concentration of serum oxalate between post-metritic and healthy CON the significant test showed only a tendency (P = 0.06) at 8 wk postpartum. It should be noted that serum oxalate showed consistently lower concentrations at all time points during the transition period in pre-metritic, metritic, and post-metritic cows as compared with healthy CON. The concentration of urea in the serum of postmetritic cows was significantly lower than the healthy CON at 4 and 8 wk after parturition. However, the concentration of this metabolite during the prepartum period (8 and 4 wk before parturition) and at the week of occurrence of the disease was not affected by the incidence of metritis. Moreover, we observed a significantly elevated Fig. 3 . Multivariate analysis of serum metabolites in pre-metritic cows and control cows (CON) at the time of metritis diagnosis in postpartum dairy cows. Disease dependent clustering of cows was shown by (A) principal component (PC) analysis and (B) partial least square discriminant analysis. The relative importance of top 15 metabolites in distinguishing cows with metritis from CON is shown in C whereas, the receiver-operator characteristic analysis of the top five metabolites in the variable importance in the projection was shown in D. VIP, variable importance in the projection. Colour online.
concentration of Ile in the serum of sick cows as compared with CON at 4 and 8 wk after parturition. Similarly, Pro showed a tendency of increased concentration in postmetritic cows at 4 and 8 wk after parturition. At 4 wk after parturition, concentration of Pro was 0.38 ± 0.14 and 0.21 ± 0.27 mmol L −1 in post-metritic cows and CON, respectively. A similar trend with regards to serum Pro at 8 wk (Table 7) after parturition was observed in post-metritic cows (0.38 ± 0.20) and CON (1.88 ± 0.21).
Discussion
This study used targeted metabolomics (GC-MS) to investigate the dynamics of serum metabolites in pre-metritic cows (at 8 and 4 wk prior to the expected day of parturition), week of disease incidence, as well as at 4 and 8 wk after calving, in the pursuit of identifying risk biomarkers and pathophysiological signatures specific for metritis in dairy cows. We discuss changes in the serum metabolite profiling and biological relevance before the disease incidence, at the time of disease incidence, and post-disease incidence.
Dynamics of serum metabolites before the disease incidence
Our results indicate marked alterations in the concentrations of serum metabolites in pre-metritic and metritic cows and disease-dependent clustering at 8 and 4 wk prepartum. The univariate analyses indicated that a panel of metabolites (Val, oxalate, Leu, phosphoric acid, pyroglutamic acid, Orn, Glu, D-mannose, and myo-inositol) in pre-metritic and metritic cows were significantly deviated from their healthy counterparts at 8 wk prior to calving despite the fact that there was no clinical differentiation between the two groups (Table 3) .
Increased concentrations of Leu and Val in premetritic cows, observed in our study, are in agreement with results reported in human subjects affected by endometriosis where increased serum concentration of Leu and Val was among the metabolites suggested as biomarkers of disease (Koch et al. 1990 ). Leucine and Val are branched-chain AAs (BCAA) and play important roles in immune cells. For example, mitogen stimulation of lymphocytes increases Leu transport by 270%, Leu transamination by 195%, and Leu oxidation by 122% (Waithe et al. 1975) . In addition, the omission of a single BCAA (i.e., Leu, Ile, or Val) from the in vitro grown lymphocytes results in the complete abolition of protein synthesis (Waithe et al. 1975; Chuang et al. 1990 ). Exclusion of Leu, Ile, or Val from the medium of cultured lymphocytes also affects the ability of lymphocytes to proliferate in response to phytohemagglutinin by 82%, 90%, and 100%, respectively (Dauphinais and Waithe 1977) .
Pyroglutamic acid, which was greater in the serum of pre-metritic cows, is an intermediate metabolite of glutathione degradation. Increased pyroglutamic acid indicates that antioxidant activities represented by glutathione are increased in pre-metritis cows. Pyroglutamic acid is important in immune system functions because it is part of most antibodies that contain a Glu residue at their N-terminus of light and heavy chains and the insertion of pyroglutamic acid in those antibodies makes them resistant to aminopeptidases, Note: The mean and standard deviation with the corresponding P value are indicated for both metritic and control groups. Note: The mean and standard deviation with the corresponding P values are indicated for both metritic and control groups. CON, control. and thereby increases their in vivo half-life (Chelius et al. 2006) . Hydrolysis of pyroglutamic acid also serves as a source of Glu, which can either be used again for the synthesis of glutathione or used for other purposes (Van Der Werf et al. 1974) . Pyroglutamic acid also has been shown to play a significant role in translocation and metabolism of AAs in the mammary gland and placenta (Viña et al. 1989) .
Recently, it was reported that myo-inositol increases phagocytic capabilities of macrophages (Chen et al. 2015) . This suggests that the enhanced myo-inositol in pre-metritic cows might help those cows prepare to fight infection. Indeed, in a companion article, we reported enhanced concentrations of interleukin-6 (IL-6), tumor necrosis factor, and serum amyloid A (SAA) in the same pre-metritic cows. Therefore, metabolomics data in this report are in agreement with those of innate immunity and complement each other. Tumor necrosis factor and IL-6 are produced by macrophages and stimulate the production of acute phase proteins including SAA, Hp, and C-reactive protein.
The multivariate analysis of the data showed that the same panel of metabolites with variable VIP values (Figs. 1A-1D, 2A-2D ) distinguished pre-metritis cows from the healthy CON at 8 and 4 wk before calving. Comparing the univariate and multivariate analyses, a similar panel of metabolites (Val, oxalate, Leu, phosphoric acid, pyroglutamic acid, Orn, Glu, D-mannose, and myo-inositol) differentiated pre-metritic cows from the healthy CON, as well as distinguished the metritic cows from the healthy ones. It should be noted that the perturbation of five metabolites (Val, Leu, pyroglutamic acid, Orn, and myo-inositol) in the serum of pre-metritic cows persisted until the time of disease incidence. This suggests the potential use of those metabolites in the identification of dairy cows at risk of developing metritis.
In pursuit of specific metabolites as potential biomarkers of metritis, we compared the five metabolites specific to pre-metritis period with the metabolites we reported previously as indicators of a general disease state in the transition dairy cows (Hailemariam et al. 2014b) . Intriguingly, the metabolites reported previously, as indicators of the disease state for multiple periparturient diseases, do not include any of the metabolites identified in this study as specific indicators of pre-metritic cows and further substantiate the suggestion that Val, Leu, pyroglutamic acid, Orn, and myo-inositol could be specific indicators (i.e., a signature) of the asymptomatic development of inflammation and progression of metritis pathology in dairy cows.
Distinct metabolites perturbed during metritis incidence
The univariate analyses showed that a unique set of metabolites (i.e., Asp, Lys, galactose, and lactose) with significant alteration in metritis cows at metritis diagnosis week were identified. There was no evidence of serum alterations in the concentrations of Asp, Lys, galactose, and lactose in pre-metritic cows at 8 and 4 wk prior to parturition. Differences in the concentrations of those metabolites, between the two groups of cows, were observed only with the manifestation of clinical symptoms of metritis indicating the potential use of those metabolites to assist in diagnosis of metritis. Using multi-metabolite approach instead of single metabolite and single disease association to track the progression and development of dairy cattle disease is becoming an emerging paradigm (Ametaj 2015) . Given the distinguishing potential of the aforementioned metabolites at the metritis diagnosis week, this approach might help to track distinct stages of development of periparturient disease using noninvasive techniques. Alterations in the immune reactants preceding the incidence of metritis , retained placenta (Dervishi et al. 2016a (Dervishi et al. , 2016b , lameness , and subclinical mastitis in transition dairy cows are well documented. The current study substantiates our previous results and offers a complimentary approach in the diagnosis and understanding of metritis in dairy cattle. In line with our findings, Imhasly et al. (2014) showed that AA and lipid metabolomic profiles distinguished hepatic lipidosis from other peripartal disorders and suggested the potential of metabolomics as a promising new tool for the diagnosis of periparturient diseases. In another study, De Buck et al. (2014) reported the sensitivity of metabolomics approach for detecting Mycobacterium avium subsp. paratuberculosis infection much sooner than with current diagnostic methods, with individual metabolites significantly distinguishing the infected from the noninfected calves.
Post-metritis serum metabolite profiling
Apparently, the metabolite fingerprinting at 4 and 8 wk after calving was characterized by fewer metabolite perturbations. At 4 wk, Val, oxalate, Ile, urea, creatinine, Phe, D-mannose, and oleic acid were identified as different between the two groups; whereas at 8 wk, alanine, Ile, urea, phosphoric acid, D-mannose, and myo-inositol were significantly altered. Those alterations suggest that even though cows might look healthy clinically, metabolically they still have differences even at 8 wk after calving. Intriguingly, serum concentrations of urea were lower in cows that developed metritis at 4 and 8 wk after parturition. Urea is a product of protein breakdown and the peripheral urea nitrogen concentration reflects protein metabolism and urea synthesis in the liver in dairy cattle (Butler 1998 ) and often fluctuates around calving (Wathes et al. 2007) . Low blood urea postpartum has been associated with lower fertility in dairy cows. For example, Wathes et al. (2007) reported that plasma urea lower than 4.5 mmol L −1 at 7 wk postpartum was negatively associated with fertility in multiparous cows and extended days open.
